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现，氧质子化分步的机理 为有利，计算的速控步和 C−N 键的断裂步的活化能































































































































The carbonyl group is one of the most prevalent functional groups and plays an 
important role in many chemical and biological processes. Most of the reactions of 
aldehydes, ketones, esters, amides, and the other carboxylic acid derivatives are 
directly initiated from the carbonyl group. Among these reactions, the hydration of 
carbonyl compounds and hydrolysis of carboxylic acid derivatives have a long 
standing interest, both experimentally and theoretically. However, due to the 
complexity of the water solvent environment, the detailed mechanisms for these 
processes at the atomic scale level and the effect of solvent on reactivity remain 
elusive. In the present work, the mechanisms of acid-catalyzed hydrolysis of 
formamide, the acid-catalyzed reactions of twisted amides in water solution, the 
hydration of carbonyl groups, and the elementary step of proton transfer in water were 
investigated by the cluster-continuum model density functional calculations. Present 
results provide a basis for understanding of the reactivity in solution and use of the 
suitable cluster-continuum model and methodologies for chemical reactions in water. 
The main results in the dissertation are summarized as follows: 
(1) The acid-catalyzed hydrolysis of formamide in aqueous solutions was investigated 
by the cluster-continuum model calculations. Our calculations show that the selection 
of hydration cluster in the first solvation shell plays an important role in reliable 
estimation of thermodynamic values for the hydrolysis reaction. On the basis of 
unbiased theoretical treatments on all plausible pathways, the O-protonated stepwise 
pathway was shown to be favored mechanism, and the predicted activation free 
energies for the rate-determining step and the breaking of C−N bond are 21.8 and 9.4 
kcal/mol by B3LYP, respectively. Present results show good agreement with 
experiment and provide a complete description of the acid-catalyzed hydrolysis of 
formamide.  
 
(2) The acid-catalyzed reactions of twisted amides in water solution were investigated 
















widely-suggested concerted hydration of C=O group, our calculations show that the 
reaction practically proceeds in a stepwise manner, and the hydration channel and the 
hydrolysis of C−N bond are competing. The Eigen ion (H3O+) as the key species is 
involved in reaction and modulates the hydration and hydrolysis reaction pathways. 
The phenyl substitution in the twisted amide not only activates the N−CO bond, but 
also stabilizes the hydrolysis product through nN→πphenyl delocalization, exclusively 
leading to the hydrolysis product of ring-opened carboxylic acid. Generally, the 
twisted amides are more active than the planar amides, and such rate acceleration is 
mainly from the increase of exothermicity in the first N-protonation step, and the 
second step of nucleophilic attack is less affected by the twisting of amide bond. 
Present results show good agreement with the available experimental observations.  
 
(3) The elementary proton transfer process in water solutions was explored by the 
cluster-continuum calculations in combination with primary molecular dynamics (MD) 
simulations. The present results indicate that the Zundel cation is a transition-state 
structure connecting two stable Eigen cations, instead of a stable species in condensed 
phases on the adiabatic potential-energy surface. The proton transfer in water may 
proceed at the limit of rate within the transition state theory along an electronically 
adiabatic potential surface, and its thermodynamic properties strongly depend on the 
hydrogen-bond network around the excess proton. The tunneling is negligible and 
energy barrier in the elementary proton transfer step can be washed out by zero-point 
motion. Moreover, present results show this zero-point motion arises mainly from the 
O-H vibration of pre-transferred proton. 
 
(4) The hydration of CO2 in water solution was investigated by the 
cluster-continuum model calculations with n=1-8 water molecules. For n=1-4 water 
molecules, all the reactions follow a concerted pathway to the hydration product 
directly. For n=5-8 water molecules, all the reactions follow a stepwise mechanism 
and a labile H3O
















molecules from the bulk solvent play a key role in the proton relay process, which 
can stabilize the charged transition state and the H3O
+ intermediate in reaction. 
Furthermore, if the proton transfer from H3O
+ to the carbonyl oxygen occurs, the 
hydration pathway will be followed. If there is a proton transfer from H3O
+ to the 
outer water phase through the water bridge, the ionization product of HCO3
- will be 
formed. The intermediate state with the H3O
+ and HCO3
- subunits is predicted to 
have remarkable IR adsorptions in the 2000–3000 cm-1 region, which can be used for 
further characterization of the intermediates involved in the hydration of CO2. 
 
 (5) Extensive cluster-continuum model calculations show that the hydration of 
carbonyl group proceeds in the stepwise mechanism, and a labile H3O
+ intermediate is 
involved in reaction. The stepwise-hydration pathway is remarkably favourable than 
the previous widely-proposed concerted-hydration pathway, where the cyclic arrays of 
three and four water molecules may be involved in the proton transfer process. The 
water chain extended from the carbonyl oxygen play a key role in the hydration 
reaction, which can modulate the proton relay mechanisms. If the H3O
+ moiety 
stabilization interactions from the water chain are not strong enough, the 
concerted-hydration pathway is also possible in water solution. Furthermore, the 
predicted thermodynamic properties are sensitive to the water-chain configuration 
around the carbonyl group. 
 
Keywords: Carbonyl group; Formamide; Twisted amides; Carbon dioxide; Proton 












第一章  绪论 
 1 
 
第一章    绪论 
1. 1 羰基化合物的反应 
羰基化合物是一类含有羰基（C=O）官能团的化合物，是有机化学和生物化
学中一类极其重要的化合物。羰基化合物包括醛，酮，二氧化碳，还有其它各式
各样的羧酸衍生物 (Figure 1.1 所示)。羧酸衍生物和羰基化合物 主要的区别是
前者的羰基上一般有个杂原子相连（如 N，O，S，P），一般不包含醛和酮，羧
酸衍生物水解会产生羧酸。 
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